Although fear directs adaptive behavioral responses, how aversive cues recruit motivational neural circuitry is poorly understood. Specifically, while it is known that dopamine (DA) transmission within the nucleus accumbens (NAc) is imperative for mediating appetitive motivated behaviors, its role in aversive behavior is controversial. It has been proposed that divergent phasic DA transmission following aversive events may correspond to segregated mesolimbic dopamine pathways; however, this prediction has never been tested. Here, we used fast-scan cyclic voltammetry to examine real-time DA transmission within NAc core and shell projection systems in response to a fear-evoking cue. In male Sprague Dawley rats, we first demonstrate that a fear cue results in decreased DA transmission within the NAc core, but increased transmission within the NAc shell. We examined whether these changes in DA transmission could be attributed to modulation of phasic transmission evoked by cue presentation. We found that cue presentation decreased the probability of phasic DA release in the core, while the same cue enhanced the amplitude of release events in the NAc shell. We further characterized the relationship between freezing and both changes in DA as well as local pH. Although we found that both analytes were significantly correlated with freezing in the NAc across the session, changes in DA were not strictly associated with freezing while basic pH shifts in the core more consistently followed behavioral expression. Together, these results provide the first real-time neurochemical evidence that aversive cues differentially modulate distinct DA projection systems.
Introduction
Fear-evoking cues in the environment powerfully shape our behavior. While there is an extensive literature surrounding how fearful cues engage the amygdala and related circuitry to generate reactive defensive behaviors (for review, see (LeDoux, 2000; Pape and Pare, 2010; Maren, 2011) , there has been less investigation regarding how fearful cues impact motivational neural circuitry. This is notable because fear can be highly motivating. For example, it is adaptive for fearful stimuli to alter motivated behavior or foster active avoidance responding (Kelley et al., 2005) . It is well known that appetitive goal-directed behavior is mediated by phasic dopamine (DA) transmission within mesolimbic systems (Mirenowicz and Schultz, 1996; Schultz, 2007; Wanat et al., 2009) , and mesolimbic DA is also critical for processing aversive information (Pezze and Feldon, 2004; Faure et al., 2008; Fadok et al., 2009 Fadok et al., , 2010 Darvas et al., 2011; Valenti et al., 2011; Zweifel et al., 2011) . For example, DA transmission within the NAc is critical for the modulation of conditioned fear, demonstrated by aversive latent inhibition (Young et al., 1993; Gray et al., 1997) . However, the specific involvement of phasic DA transmission in aversive motivation remains a matter of considerable debate.
While early studies suggested that aversive cues strictly decrease DA neuron firing (Mirenowicz and Schultz, 1996; Ungless et al., 2004) , more recent studies suggest that anatomically heterogeneous subpopulations of DA neurons respond with both increases and decreases in firing to aversive stimuli (Brischoux et al., 2009; Matsumoto and Hikosaka, 2009; Bromberg-Martin et al., 2010a,b) . These subpopulations contribute to neurochemically and functionally distinct projection systems that are difficult to study electrophysiologically (Bannon and Roth, 1983; Deutch and Roth, 1990; Di Chiara and Bassareo, 2007; Ikemoto, 2007; Belin and Everitt, 2008; Liu et al., 2008; Aragona et al., 2009 ). Here, we use fast-scan cyclic voltammetry (FSCV) to measure subsecond fluctuations in DA concentration within distinct mesolimbic projection systems (Ikemoto, 2007; Lammel et al., 2008) , terminating in either the nucleus accumbens (NAc) core or shell while freely behaving rats were presented with a fearevoking cue. Although FSCV has been used previously to explore regional differences in DA transmission in response to both cued and unconditioned appetitive stimuli (Aragona et al., 2009; Brown et al., 2011) , studies that have used FSCV to explore aversive stimulus processing have focused on primary aversive stimuli Budygin et al., 2012) . However, cues and the unconditioned stimuli they predict drive differential responses in DA neurons (Matsumoto and Hikosaka, 2009 ). Thus, DA transmission dynamics within motivational circuits underlying learned aversive cues must be elucidated.
Here, we provide the first real-time electrochemical data demonstrating that a fear cue causes regionally specific changes in both phasic DA transmission and local pH levels. Presentation of the aversive cue decreases DA transmission and causes a basic pH shift within the NAc core but increases DA transmission without altering pH levels within the NAc shell. Together, these findings significantly extend our understanding of how aversive cues recruit motivational circuits, speaking to a long-standing controversy regarding how aversive stimuli alter DA transmission.
Materials and Methods
Animals. Twenty-two male Sprague Dawley rats weighing 280 -320 g were used as subjects (Core Conditioned: n ϭ 5; Shell Conditioned: n ϭ 6; Core Control: n ϭ 6; Shell Control: n ϭ 5). Rats were individually housed with food and water available ad libitum, and were maintained on a 14 -10 h light/dark cycle. All experiments were conducted during the animals' dark cycle. All procedures were performed in accordance with guidelines approved by the University of Michigan University Committee on Use and Care of Animals.
Surgery. Before behavioral manipulations, rats received FSCV surgery (Aragona et al., 2008 Wheeler et al., 2011; . Rats were anesthetized with ketamine (90 mg/kg, i.m.) and xylazine (10 mg/kg, i.m.). A guide cannula (Bioanalytical Systems) was placed over the NAc core (anteroposterior (A/P) ϩ 1.7, mediolateral (M/L) ϩ1.3; relative to bregma) or NAc shell (A/P ϩ 1.7, M/L ϩ0.8; relative to bregma) and an Ag/AgCl reference electrode was implanted in contralateral cortex (A/P Ϫ0.8, M/L Ϫ4.0; relative to bregma). A bipolar stimulating electrode (Plastics One) was positioned over the ventral tegmental area (VTA; A/P ϩ 3.8, M/L ϩ0.8; relative to the intra-aural line) and secured in a dorsoventral (D/V) position that yielded maximum electrically stimulated (60 pulses, 60 Hz, 120 A) DA release within the ventral striatum (typically Ϫ8.6 mm D/V relative to brain surface). The stimulating electrode was used at the end of behavioral testing (see below) to evoke a range of electrically stimulated DA release magnitudes needed for statistical analysis; i.e., to construct "training sets" needed to perform principal component analysis Keithley et al., 2011) .
Behavioral testing. Following surgery, rats were allowed 5-7 recovery days before receiving pavlovian fear conditioning. The conditioning and extinction phases of the behavioral testing were conducted in distinct observation chambers (Med Associates) that differed in visual and tactile cues. Consistent with previous studies (Orsini et al., 2011) , Pavlovian fear conditioning consisted of five pairings of an auditory stimulus (conditioned stimulus [CS] 10 s, 2 kHz, 80 dB) coterminating with an aversive footshock (unconditioned stimulus [US]; 2 s, 1 mA) with a 60 s intertrial interval. Control rats received either tone-or footshock-alone training (Arcediano et al., 2005) to control for nonassociative factors related to conditioning. Freezing served as the behavioral index of conditional fear during both the conditioning and expression sessions. During conditioning, behavioral chambers rested on load-cell platforms that recorded chamber displacement in response to animals' locomotor activity. One minute after the final shock presentation, animals were transported back to their home cages and ϳ24 h later, rats were transported to a novel environment for voltammetric measures during a tone-alone test session.
The tone-alone test session, or tone-test, was conducted in a modified Med Associates chamber that allowed for voltammetry recordings (Aragona et al., 2009 ). Before behavioral testing, an appropriately sensitive electrode was selected (see below). Once an electrode that detected naturally occurring phasic DA release events (i.e., transients) was identified (see below), we performed a "context switch," which entailed turning white room lights off and red room lights on, and briefly moving the rat from the chamber to remove a padded floor to reveal a grid floor. This context switch was necessary to reestablish robust locomotor behavior that ensured the ability to detect cue-evoked freezing. Immediately following the context change voltammetry recordings commenced. After a 3 min baseline period, rats were given 15 tone-alone presentations (10 s, 2 kHz, 80 dB) with a 1 min intertrial interval. Behavior was recorded and hand scored off-line by experimenters blind to condition (core or shell and control or conditioned). At least two experimenters provided behavioral scoring and achieved an inter-rater reliability of 95%.
FSCV. During behavioral conditions described above, FSCV was used to measure phasic changes in DA and local pH. For each subject, a fresh glass-encased carbon-fiber microelectrode was lowered into the NAc core or shell (Phillips et al., 2003a; Aragona et al., 2008) . Electrode construction and calibration were conducted in the same manner as described in our previous studies (Aragona et al., 2009) , with the additional use of a novel flow cell, which was used for in vitro calibrations (Sinkala et al., 2012) . Epoxy was used to create a more robust and reliable seal between the carbon fiber and glass casing to ensure clean and stable recordings. Electrodes were positioned within the NAc core or shell where naturally occurring DA transients were reliably detected, as reported in many previous FSCV studies (this is now a standard operating procedure) Aragona et al., 2008; . Consistent with previous studies, if the electrode did not detect a high DA "transient" frequency, it was withdrawn and another inserted until DA transients were reliably detected (Aragona et al., 2008) . We selected highly sensitive electrodes across all subjects as previous studies have shown that this is necessary to detect decreases in transient frequency and the associated decrease in time averaged [DA] Aragona et al., 2009) . Once stable DA transients were detected, the environmental context was altered by changing the visual and tactile elements of the chamber, as described above, and FSCV recordings began. Following FSCV recordings during the behavioral study, DA release was evoked in the freely moving subject by electrical stimulation of the ventral tegmental area (Phillips et al., 2003a; for use in principle component analyses to convert the recorded current into [DA] and pH units Keithley et al., 2011) .
To verify the identity of the electro-active analytes, current values were converted to [DA] and pH units using principal component analysis Keithley et al., 2011) . Detection and analysis of DA have been described in detail previously Aragona et al., 2008) . Consistent with previous FSCV studies ( Day et al., 2007; Aragona et al., 2009) , mean changes in [DA] were calculated relative to a zero point determined by the background subtraction applied to the raw data. Background subtraction was performed at the lowest current value within the 10 s preceding cue onset separately for each tone presentation Aragona et al., 2009) . Phasic changes in [DA] were determined within a 30 s sampling period that was centered around tone duration, with a 10 s baseline, 10 s recording during CS presentation, and a 10 s post-CS period. Transients were identified using MiniAnalysis (Synaptosoft) as previously described (Aragona et al., 2008) . A transient was defined as a fivefold or greater increase in [DA] relative to the root mean square noise value taken from the same electrode .
Characterization of DA and pH changes. FSCV allows detection of local changes in pH that frequently accompany DA transmission (Venton et al., 2003; Heien et al., 2005; and these two analytes are easily distinguished by cyclic voltammogram (CV) analysis, in which background subtracted changes in current detected at the carbon-fiber electrode are plotted against the applied potential (i.e., the voltage ramp from Ϫ0.4 V to 1.3V and back; described in detail elsewhere; Heien et al., 2005) and time. For each time point, the change in current (resulting from the oxidation and reduction of the neurochemical species) as a function of the applied potential may be determined. This represents the CV for a given neurochemical species and the shape of the CV reveals its identity (Fig. 1a , i-iii, insets) (Phillips et al., 2003a; Heien et al., 2005) . This is conveniently visualized in color plots, wherein changes in current are plotted in false color against both time and applied voltage.
Electrical stimulation of DA afferents reliably alters both DA release and local changes in pH (Phillips et al., 2003a; Heien and Wightman, 2006) . In this example (Fig. 1a) , two naturally occurring DA transients (at random, unpredictable times) were detected (emphasized by inverted white triangles) before electrical stimulation. The CV corresponding to the second transient is shown above the color plot (Fig. 1a, i ) and its peak magnitude is shown in the [DA] trace (Fig. 1b) . Upon electrical stimulation of dopaminergic afferents, a near instantaneous increase in current is detected at the peak oxidational potential for DA (ϳ0.65 V of the voltage ramp; Fig. 1a , ii to inspect the CV of electrically evoked DA release). Current at this point in the voltage ramp (Fig. 1a, black line) is converted to [DA] [ Figure 1b ; described in detail elsewhere Keithley et al., 2011) ]. In contrast to electrically evoked changes in DA transmission, local changes in pH follow electrical stimulation by a delay of several seconds (Fig. 1a,b) and its peak change in current is primarily evident at ϳ0.4 V in the applied waveform (Fig. 1a, iii) . Conversion from current to pH units (Fig. 1b , red line) has been described in detail elsewhere .
Current changes that are identified as DA or pH, based on statistically significant concordance between the CVs of naturally occurring signals and CVs of electrically evoked signals, were converted into concentration measures using calibration factors obtained from in vitro electrode characterization ( Fig. 1c-f ). Numerous electrodes were tested against a series of known DA ( Similarly, fold-change in pH units was calculated for each tone presentation as follows:
Fold Change in pH ϭ
Average ͑delta pH units following tone presentation͒ Average ͑delta pH units during pre tone period͒ .
Here, "following tone presentation" indicates the time period including the tone presentation and the post-tone period, or the 20 s following tone onset.
Histology. Following behavioral and neurochemical testing, animals were euthanized with an overdose of ketamine. To allow for histological verification of electrode placements, either electrolytic lesions were made at the same microdrive setting used for the experiment (Fig. 1 ) or another established method was used wherein the A/P and M/L coordinates are very clearly identified and the D/V coordinate was "reconstructed" based on the known relationship between the settings of the microdrive and how far this lowers the electrode (Robinson et al., 2002) .
Statistics. Analysis of freezing, both between groups and across the session was performed using two-way repeated-measures ANOVA with Bonferroni corrected post hoc tests. Changes in [DA] as well as pH units were extracted using principal components regression as previously described Aragona et al., 2008; Keithley et al., 2011) . CS-evoked changes in [DA] calculated as percentage change in [DA] following tone onset and transient amplitude were assessed using oneway repeated-measures ANOVA and Bonferroni corrected post hoc comparisons. Binned [DA] , pH, and transient probability data were analyzed using a linear-mixed model regression (Aragona et al., 2008) due to its superior ability to handle repeated-measures data (Verbeke, 2009). For these analyses, post-tone bins were compared with a pretone baseline value with time as a repeated fixed factor and region as a fixed factor.
Changes in [DA] , pH, and transient frequency and amplitude were calculated in five-tone blocks, and statistical analyses were performed on the resulting data. All data are presented as mean Ϯ SEM unless otherwise noted. A p value Ͻ 0.05 was considered significant. Linear mixed-model regressions were performed in SPSS version 19 for Windows; all other statistics were performed in Prism version 5.0 for Mac OSX.
Results

Histology and behavior
One day following fear conditioning, rats were moved to a novel environment and FSCV was used to measure real-time DA transmission ( Fig. 1) within the NAc core (Fig. 2a,c) or shell (Fig. 2b,c ) (Rebec et al., 1997; Robinson and Wightman, 2004; Aragona et al., 2009) . Three minutes after the context shift, rats were presented with 15 CS-alone presentations (at 1 min intervals) while real-time neurochemical measurements were continued. Freezing behavior did not differ between conditioned groups (F values Ͻ 1.0, Fig. 2d ) but was significantly higher than controls (main effect of group, F (1,15) ϭ 332.6, pϽ 0.001) until the final block of tones during which there was no differenceinbehaviorbetweenconditionedandcontrolanimals(pϾ0.05; Fig. 2d ). Rats that had previously received paired CS-US presentations showed nearly 100% freezing behavior during block 1 (first five tone presentations) (Fig. 2d ). During the next block of five tone presentations (block 2), freezing behavior began to decline and returned to baseline levels by the third block of tone presentations (Fig. 2d) . Control rats that received only tone (CS-alone) or shock (US-alone) presentation training did not show freezing behavior during the tone test (Fig.  2d) . It should be noted that control animals show a slight upward trend in freezing toward the end of the session; however, this was not significantly different from freezing levels earlier in the session and was not likely due to fear-evoked freezing responses but rather generalized decreases in locomotor activity in unconditioned animals following a prolonged period of time sitting within the chamber. Histological verification of electrode placements was performed at the end of the experiment (see Materials and Methods; Fig. 2a-c) .
Fear-evoking cues diminished DA release within the NAc core but enhanced DA release within the NAc shell After appropriate electrodes were selected, real-time [DA] and local pH changes were measured across the context switch and throughout the behavioral testing session. Although previous FSCV studies have demonstrated that presentation of novel stimuli (Robinson and Wightman, 2004) and entry into novel environments can increase DA transmission (Rebec et al., 1997) , this context change did not significantly alter phasic DA transmission (transient frequency during final 3 min before context switch ϭ 10.68 Ϯ 0.60 and during the initial 3 min following the context switch ϭ 10.81 Ϯ 0.65; t (10) ϭ Ϫ196, p ϭ 0.85). This baseline measure of transient frequency is consistent with previous FSCV studies (Cheer et al., 2004; Aragona et al., 2008; Sombers et al., 2009) . Indeed, the detection of basal transients before experimental manipulation ) is essential to assure electrode fidelity and increases consistency across experimenters. Moreover, it is essential to allow decreases in DA transmission to be detected using FSCV (see below). These, among other critical features of basal transient detection, have contributed to it becoming a standard operating procedure in FSCV data acquisition when acute electrode implantation is employed on the day of the experiment.
Although rats in both the core-conditioned and shellconditioned groups showed similar behavioral patterns during the tone test (Fig. 2d) , presentation of the CS caused dramatically different neurochemical changes within these NAc subregions (Figs. 3, 6 ). For analysis of fear-evoked changes in [DA], we con-structed heatmaps to examine how average [DA] changed with CS presentation across the session in both the core ( Fig. 3a ; n ϭ 5) and the shell ( Fig. 3b ; n ϭ 6). Within the NAc core, cue presentation caused a rapid and prolonged decrease in [DA] (Fig. 3a) . Quantification of the percentage change in CS-evoked ⌬[DA] within the NAc core showed that CS presentation dramatically decreased [DA] within conditioned, but not control, subjects only within the first block of trials (Fig. 3c) . Two-way ANOVA analysis of core-conditioned versus core control groups revealed a significant interaction between time and group (F (2,16) ϭ 17.3, p Ͻ 0.01). Post hoc tests revealed a significant difference between core-conditioned animals and core-control animals only during block 1 (i.e., the first five trials, p Ͻ 0.01). We next analyzed the resulting concentration data in 2 s bins for each block of trials, collapsed across five tones in each of our behaviorally designated blocks for both the NAc core and shell. Within the NAc core, CS-presentation caused a significant decrease in [DA] relative to the pre-CS period that was rapid and long lasting selectively during block 1 ( In stark contrast to the NAc core, CS presentation increased [DA] within the NAc shell, although still selectively within the first block of trials (Fig. 3b,g ); note the robust average increase during block 1 depicted in the heat map. Quantification of percentage changes shows a main effect of group (F (2,32) ϭ 10.6, p Ͻ 0.01) and post hoc tests confirm that [DA] was significantly increased within the NAc shell in conditioned, but not control, animals only within the first block of trials ( Fig. 3g ; p Ͻ 0.05). Heatmaps illustrate the "diffuse" (i.e., poorly time locked to the CS) increase in the NAc shell following CS presentation early during fear expression (Fig. 3b) . However, the increase was strongest at cue offset. Specifically, analysis of binned concentration data revealed an increase in [DA] following CS presentation during block 1 that was only signif- icant during the final five bins (i.e., following tone offset, p Ͻ 0.05, Fig. 3h ). However, we still refer to this as a diffuse increase because it was not nearly as robustly or reliably associated with any temporal attributes of cue presentation, compared with that seen within the core. However, it should be noted that the first bin showing a significant increase in [DA] was the bin immediately following cue offset. This effect, however, is an average effect and was not consistently observed across subjects, and animals showed no difference in behavior at cue offset (i.e., they still showed robust freezing during early CS presentations). Taken together, this suggests that the increase is unlikely to serve as an emotional "relief" signal at the omission of an expected aversive footshock (Ikemoto and Panksepp, 1999) .
No significant changes in [DA] were observed during block 2 or block 3 (Fig. 3i,j ; F Ͻ 1.0, p Ͼ 0.05). Importantly, there was also a lack of a CS-evoked response in control rats (Fig. 3c,g ). This suggests that the changes in [DA] in conditioned animals were due to the CS-US association and not to sensitization of the DA system due to prior experience with the tone or shock. This is consistent with previous reports from other groups that unconditioned tone presentations do not evoke changes in dopamine release (Phillips et al., 2003b; Robinson and Wightman, 2004) .
Cue-evoked changes in DA release within both the NAc core and shell can be attributed to altered phasic transmission dynamics To determine whether aversive cue-evoked changes are mediated by specific changes in phasic DA transmission dynamics, we assessed how the aversive CS altered the probability and magnitude of DA transients. In A representative color plot and DA concentration trace within the NAc core (Fig. 4a) and shell (Fig. 4d) following the presentation of an aversive CS shows that before CS presentation, transients were observed consistently during the baseline period in both the NAc core and shell (baseline probability: core ϭ 0.55 Ϯ 0.07 and shell ϭ 0.63 Ϯ 0.04, t (9) ϭ0.02, pϭ0.9). Within the NAc core, CS presentation caused a significant decrease in transient probability (F (10, 25.8) ϭ 6.51, p Ͻ 0.001; Fig. 4a,b) , suggesting that the CS-evoked decrease in [DA] within the NAc core is due to a decrease in the occurrence of phasic release events. In contrast, presentation of the same CS did not alter transient probability within the NAc shell (Fig. 4d ,e) (F (10, 30.3) ϭ 1.67, p ϭ 0.14). Analysis of transient amplitude, on the other hand, showed that while CS presentation did not alter release magnitude within NAc core (t (5) ϭ 0.78, p ϭ 0.48; Fig.  4c ), there was a significant increase in transient amplitude (t (5) ϭ 9.01, p Ͻ 0.01) following CS onset within the NAc shell (Fig. 4f ) . These data suggest the CS-evoked increase in [DA] described above within the NAc shell is due to a cue-evoked increase in the magnitude of phasic DA release events. Furthermore, it is important to note that, with FSCV, only acute, background subtracted effects are seen. Thus, it is possible that the phasic increase in the shell we report here may be an underestimation of the overall increase in [DA] occurring within the NAc shell, due to the differential nature of the technique.
Fear-evoked changes in DA transmission in the NAc core but not shell are accompanied by basic shifts in pH As CS-related changes in DA transmission in the both the NAc core and shell were selective to the first five-tone block, further analysis focused on this block of CS presentations. Subregion differences in the neurochemical responses to aversive cues are obvious upon inspection of average color plots for the NAc core (Fig. 5a ) and shell (Fig. 5b) for the first block of CS presentations. Before CS onset, [DA] and pH levels were equivalent within the NAc core and shell (DA: t (51) ϭ 0.16, p ϭ 0.87; pH: t (50) ϭ 0.51, p ϭ 0.63) (Fig. 5c,d) . However, at CS onset, [DA] rapidly decreased within the NAc core ( Fig. 5a,b ; statistically described elsewhere) and this decrease was followed by a long-lasting basic pH shift ( Fig. 5a,d ; t (23) ϭ 2.62, p Ͻ 0.05). Within the NAc shell, it is evident that the increase in [DA] by the fear CS (Fig. 3) is quite diffuse and robustly not time locked to tone presentation (Fig.  5b,c) . Moreover, in contrast to the NAc core, there was no change in local pH within the NAc shell following presentation of the aversive cue (t (27) ϭ 0.73, p ϭ 0.47) (Fig. 5b,d ). These differences in core-shell pH shifts were not attributable to differences in overall pH responsiveness between these regions ( Fig. 1g-j ; . Thus, presentation of the fear CS alters local pH selectively within the NAc core, which is the region in which cue-evoked decreases in DA transmission are strongly time locked to stimulus presentation. A similar relationship between a Core-conditioned placements are indicated in orange (n ϭ 5), Shell-Conditioned placements are indicated in cyan (n ϭ 6), and placements for control animals are shown in black (n ϭ 11). Although the placements are distributed throughout both cerebral hemispheres here for clarity, recordings from all animals were taken from the same hemisphere. Red indicates the examples shown in a and b. d, Percentage freezing during fear expression for core-conditioned, shell-conditioned, and control animals. There was no difference between conditioned groups in fear expression. Unconditioned rats did not freeze during CS presentation. All conditioned rats showed robust freezing that attenuated as the session progressed. By the end of the session, conditioned rats showed no more freezing than control rats.
basic pH shift and a time-locked decrease in [DA] has also been shown after presentations of an unconditioned aversive taste stimulus (intra-oral infusion of quinine) . However, while the quinine-evoked decrease in [DA] was similarly associated with a basic pH shift, this neurochemical response occurred within the NAc shell whereas the aversive CS (present study) resulted in this [DA]/basic pH alteration within the NAc core.
To more thoroughly explore how DA and pH changes related to fear expression, we analyzed within-trial trajectories of freezing for block 1 (Fig. 5e) . For each trial, we assessed freezing across the 30 s sampling window used for neurochemical analyses. This showed that freezing has a rapid onset following cue presentation and slow attenuation following cue offset, demonstrating that the neurochemical dynamics that best mirror the behavior occur within the NAc core and not the NAc shell.
Cue-evoked basic pH shifts within the NAc core but not shell track freezing behavior
Given that fear cues caused a strictly region-specific shift in local pH, we analyzed this in more detail. Specifically, we (in the same manner that we used for the [DA] data) compared alterations in cue-evoked changes in pH units across blocks of fear expression.
We constructed heatmaps to study how cue-evoked pH changes within the NAc core and shell evolve across the 15 tone session (Fig. 6a,b) . Within the NAc core (Fig. 6a) , cue presentation was followed by a basic shift in pH that lasted through blocks 1 and 2 but diminished through block 3. Quantification of the fold-change in pH from the pretone period to the post-tone period in conditioned animals showed that cue presentation resulted in a significant increase in pH (i.e., a basic shift) within the NAc core during both the first and second blocks in conditioned, but not control, subjects (Fig. 6c) . Two-way ANOVA analysis of core-conditioned versus control groups showed significant main effects of group (F (1,18) ϭ 53.96, p Ͻ 0.001)and time (F (2, 18) ϭ 20.10, p Ͻ 0.001) and revealed an interaction between group and time (F (2, 16) ϭ 5.59, p ϭ 0.013). Post hoc tests showed a significant difference between core-conditioned animals and control animals during both block1 ( p Ͻ 0.001) and block 2 ( p Ͻ 0.05). For block 3, there was no difference between conditioned and control subjects ( p Ͼ 0.05). We then analyzed each five tone block of pH data in 2 s bins (Fig. 6d-f ) . Within the NAc core, cue presentation caused a significant basic shift in pH units during both blocks 1 ( Fig. 6d; F (10, 23.7) ϭ 5.94, p Ͻ 0.001) and 2 ( Fig. 6e; F (10, 32.7) ϭ 6.10, p Ͻ 0.001). We observed no significant changes in block 3 ( Fig. 6f; F Ͻ 1.0) . It should be noted that basic pH shifts within the core are significant during blocks 1 and 2, but not 3, which mirrors freezing behavior in conditioned animals (Fig. 2d) .
In contrast to the NAc core, CS presentation did not alter pH within the NAc shell (Fig. 6b) . Quantification of the fold-change in pH following tone presentation confirms this observation from the heatmaps and shows no changes in pH within the NAc shell in conditioned or control animals (Fig. 6g) . This was further confirmed by examining the binned pH data for each 5-tone b, e, Transient probability calculated during 2 s bins for block 1 within the NAc core (i.e. averaged over first five tones for n ϭ 5; 25 traces all together) and shell (i.e. averaged over first five tones for n ϭ 6; 30 traces). Tone onset caused a significant decrease in transient probability that lasted the duration of the tone presentation, but returned to pretone levels following tone offset in the NAc core. Transient probability did not change with tone presentation in the NAc shell. c, f, Average transient amplitude before and following cue onset in the NAc core and shell. Cue onset did not alter transient amplitude in the NAc core, but increased transient amplitude in the NAc shell. *p Ͻ 0.05. Figure 5 . Cue onset is accompanied by basic pH shifts within the NAc core. a, b, Average color plots for the first block of CS presentations in the NAc core (n ϭ 5; a) and shell (n ϭ 6; b) were generated to illustrate the raw changes in neurochemical activity associated with tone presentation (gray bar). Within the NAc core, cue onset is accompanied by a delayed but lasting basic pH shift. No visible pH shifts were detected in the shell. c, Quantification of changes in [DA] in core and shell following cue onset during block 1. Cue presentation altered both core and shell [DA] . d, Quantification of pH changes during block 1 within the NAc core and shell. Cue presentation results in a significant basic pH shift within the NAc core, but does not cause any change in pH within the NAc shell. e, Within-trial probability of freezing across block 1 for both core-conditioned and shell-conditioned rats. Cue onset causes rapid increases in freezing probability that last throughout the tone presentation and attenuate slowly following tone-offset. block ( Fig. 6h-j) . No significant cue-evoked changes in pH were observed in block 1 (Fig. 6h) , block 2 (Fig. 6i) , or block 3 (Fig. 6j) within the NAc shell.
Changes in DA transmission are related to but not caused by changes in locomotor activity As the NAc has been implicated in the generation of general locomotor activity, we assessed whether changes in [DA] and pH within the NAc core and shell were correlated with the behavioral output quantified in this study, freezing. Given that CS-evoked decreases in [DA] within the NAc core occur consistently only during early trials, when fear expression is high, it is tempting to expect that there may be a strong, and perhaps causal, relationship between changes in [DA] and freezing in this region. However, as demonstrated by a representative rat (Fig. 7a,b) , which showed equivalent freezing behavior on individual trials within the first and second block of trials and yet showed a robust decrease in [DA] in block 1 (trial 2) (Fig. 7a) and no change in [DA] in block 2 (trial 8) (Fig. 7b) , this is clearly not the case. This suggests that changes in [DA] were not directly causal with respect to changes in behavior.
However, quantification of the relationship between DA and freezing showed that, despite the absence of a strongly causal relationship between changes in [DA] within the NAc and freezing, there was a relationship between behavioral output and DA neurotransmission. Specifically, there was a significant correlation between changes in [DA] and freezing across all trials in the NAc core (r 2 ϭ 0.23, p Ͻ 0.01) (Fig. 7c ) and shell (r 2 ϭ 0.07, p Ͻ 0.05) (Fig. 7e) . This is consistent with our general observation that changes in [DA] were greatest at the beginning of the test session, when freezing was highest, and extinguished as the session proceeded.
We also observed a modest but significant correlation between changes in basic pH and freezing in the NAc core (r 2 ϭ 0.09, p Ͻ 0.05; Fig. 7d ) but not the NAc shell (r 2 ϭ 0.03, p ϭ 0.27; Fig. 7f ). This relationship between freezing and basic pH changes within the NAc core may be of interest because it has been suggested that changes in pH correspond to increased postsynaptic neural activity, with alkaline changes in pH corresponding with increased metabolic activity within the structure Ariansen et al., 2012) . The correlation between pH and locomotor activity, taken together with the change in DA transmission during the initial block of trials, may indicate that the NAc core is involved in organizing behavioral outputs in response to aversive stimuli. These data show that changes in DA transmission only occur in response to early trials, when reorganization of behavioral strategies in response to learned fear information would be expected, while other measures of neural activity (i.e., pH) may track the behavioral output.
Discussion
The present study demonstrates, for the first time, that fear-evoking stimuli differentially alter phasic DA transmission across NAc subregions.Fearcuesdecreased[DA]withintheNAccorebutincreased[DA] Figure 6 . Fear cues cause basic shifts in pH within the NAc core but not within the NAc shell. a, b, Heatmaps depicting trial-by-trial pH shifts across all 15 cue presentations in the core (n ϭ 5) and shell (n ϭ 6), respectively. Tone presentation was followed by a basic pH shift within the NAc core, but not within the shell. The basic shift within the NAc core remained prominent through blocks 1 and 2 and attenuated during block 3. c, Fold-change in average pH in the NAc core in conditioned versus unconditioned animals in response to CS presentations. A significant increase in pH was observed in response to CS presentations during the first and second five tone blocks. d-f, ⌬pH units within the NAc core relative to CS presentation across each block of trials. pH was calculated in 2 s bins. Cue presentation causes a significant increase in pH during block 1 (d) and 2 (e) that attenuated during the final blocks (f). g, Fold-change in mean pH in the NAc shell in conditioned versus unconditioned animals in response to CS presentations. There was no difference in pH changes within any block between conditioned and unconditioned animals. h-j, ⌬pH within the NAc shell relative to CS presentation across each block of trials. Tone presentation did not significantly alter pH shifts in the NAc shell during blocks 1 (h), 2 (i) or 3 (j). *p Ͻ 0.05.
withintheNAcshell.Theseregionallyspecificchangesareattributableto changes in phasic DA transmission, as the aversive cue decreased the probability of DA transients within the NAc core but increased the magnitude of transients within the NAc shell. Moreover, changes in [DA] are not strongly causally attributed to the cessation of locomotor activity. Thus, rather than DA coding a unitary motivational signal, multiple mesolimbic DA systems may process distinct aspects of motivated behavior, including states associated with fear-evoking cues (Ikemoto, 2007; Aragona et al., 2009; Bromberg-Martin et al., 2010b; Lammel et al., 2011) .
Aversive cues decrease DA transmission specifically in the NAc Core Here, we demonstrate that conditioned aversive cues evoke a rapid and prolonged decrease in [DA] in the NAc core that is attributable to decreased DA release probability. This is consistent with many previous studies that have shown that acute aversive stimuli cause phasic decreases in DA neuron firing (Mirenowicz and Schultz, 1996; Ungless et al., 2004) and one recent study demonstrated that the duration of DA neuron inhibitions is associated with a behavioral measure of conditioned fear (Mileykovskiy and Morales, 2011) . Although it has been suggested that phasic decreases in DA transmission may code negative motivational value evoked by aversive stimuli (Bromberg-Martin et al., 2010b) , the present study provides the first evidence regarding the forebrain locus for this decrease. Specifically, diminished DA neuron firing, and the subsequent decrease in [DA], appears to have functional effects within the NAc core.
While we know relatively little, mechanistically, about phasic decreases in DA activity, recent work demonstrating that VTA-GABA cells are involved in conditioned place aversion (Tan et al., 2012) and in disrupting reward-seeking behaviors (van Zessen et al., 2012) suggests that these cells may play an important role in modulating DA release to aversive cues and events. Interestingly, there is compelling evidence that aversive motivational signals are encoded by habenular cells (Matsumoto and Hikosaka, 2009; Hong et al., 2011) and it has been suggested that their inhibitory projections to DA neurons may be driven by these VTAGABAergic cells. Future work will be needed regarding how interactions among these neural populations may allow for the DA signals we observe here to arise. Importantly, decreased [DA] within the NAc core does not appear to be uniquely involved in representing aversive stimuli. Previous studies have shown that aversive taste cues cause phasic decreases in [DA] within the NAc shell Wheeler et al., 2011) . Thus, phasic DA transmission within both the NAc core and shell appear capable of encoding motivational value. These core-shell differences in aversive cue modulation of DA may represent differences in how unconditioned versus conditioned stimuli are represented in these circuits. Recent work characterizing how phasic DA release within the NAc supports appetitive motivational signals has demonstrated that while unconditioned rewards elicit strong DA release within the NAc shell (Aragona et al., 2008 (Aragona et al., , 2009 , reward predictive cues preferentially increase DA release within the NAc core (Day et al., 2007; Aragona et al., 2009; Wanat et al., 2010; Flagel et al., 2011) . The aversive cues previously used to alter DA transmission within the NAc have been tastants that have caused decreased DA transmission in the NAc shell (e.g., , Wheeler et al., 2011 . Taken together with previous appetitive and aversive work, our data suggest that phasic signaling within the NAc core may represent a common mode of transmission underlying incentive motivational responses especially for conditioned stimuli (Robinson and Berridge, 2001; . The directionality of the shift (i.e., increases or decreases) may encode motivational value, or may rather reflect the organization of behavioral strategies into active (e.g., reward seeking, avoidance) or passive (e.g., freezing) forms, respectively. Theories of striatal activity posit that the striatum is critical for behavioral selection, and it has been suggested that enhanced phasic DA signals are critical for identifying and reinforcing actions to organize novel and adaptive behavioral strategies (Redgrave et al., 2008) . Likewise, phasic decreases in DA release may allow reorganization of behavioral strategies to support cessation of any activity that might lead to an aversive outcome via the indirect pathway through the basal ganglia (Kelley et al., 2005; Kravitz et al., 2012) . The results presented here are consistent with these ideas, as the decreases observed here are specific to initial tone presentations, when behavioral strategies are selected as well as the period when the animals are experiencing the most heightened aversive motivational states.
Moreover, the specificity of the decrease to the NAc core, as well as the fact that the decrease was only present during early CS presentations, likely explains why this effect was missed by many previous microdialysis studies (Wilkinson et al., 1998; Levita et al., 2002; Martinez et al., 2008) . The subsecond temporal resolution of FSCV allows for phasic neurochemical changes to be detected and therefore better reveals the nature of how DA transmission is altered by environmental cues in real-time.
Cue-evoked increases in DA transmission in the NAc Shell Interestingly, the current study also demonstrates that aversive cues increase DA transmission in a regionally specific manner. Indeed, many studies spanning multiple techniques have recently supported this claim (Brischoux et al., 2009; Matsumoto and Hikosaka, 2009; Lammel et al., 2011; Zweifel et al., 2011) . Consistent with several previous microdialysis studies ( Kalivas and Duffy, 1995; Ikemoto and Panksepp, 1999; Pezze et al., 2001; Martinez et al., 2008) , the present study demonstrates that pavlovian aversive cues enhance DA release specifically within the NAc shell. However, it is unclear what this increased [DA] in the NAc shell is encoding. It is well established that phasic increases in [DA] within the NAc shell are associated with primary rewards (Di Chiara and Bassareo, 2007; . Thus, it is possible that increased [DA] following a fearful cue reflects a "relief" signal when the expected footshock is absent (Ikemoto and Panksepp, 1999) . This is consistent with the timing of the increase we report, which is significant immediately following cue offset, although there is a gradual but not significant increase to that point throughout tone presentation that would not be explained by a relief signal (Fig. 3b,h) . Alternatively, the enhanced DA could represent a prediction error signal, independent of any hedonic experiences, in that rats are expecting to receive a footshock following CS presentation but do not receive it. Although electrophysiological correlates of prediction errors suggest that this should have a more precise temporal relationship to the tone, the diffuse nature may be explained by internal timing errors due to the long duration of the tone and the relatively few conditioning trials. It is perhaps more likely that when cues increase [DA] regardless of their valence, the increased DA transmission codes general motivational salience, which may involve either the fear that the cue predicts or the lack of expected footshock animals experience (Faure et al., 2008; Bromberg-Martin et al., 2010b; Richard and Berridge, 2011) . This is consistent with previous studies showing that increasing DA transmission within the NAc shell increases motivational responding (Ito et al., 2000; Wyvell and Berridge, 2001; Parkinson et al., 2002; et al., 2010) . This may indicate an increase in DA neurons participating in a release event (Hyland et al., 2002) . It has been shown that aversive stimuli often drive enhanced excitation of VTA DA neurons at stimulus offset, which may contribute to the increase we report here (Brischoux et al., 2009; Wang and Tsien, 2011) . Moreover, recent work suggests that stressors potentiate shellprojecting DA neurons and increase their burst firing, which suggests that these neurons may be recruited during an aversive behavioral state (Valenti et al., 2011) . Further, it has been proposed that this modulation of DA neuron excitability is mediated by the ventral hippocampus, a structure critical for fearassociated learning and memory (Adhikari et al., 2010; Orsini et al., 2011) . Future studies will need to determine if and how this circuit is active during aversive cue presentations, and whether presentation of an aversive stimulus increases phasic transmission in other brain regions such as the prefrontal cortex (Lammel et al., 2011) .
Conclusion
Understanding how aversive information modulates DA signaling within the NAc provides a window into how the brain perceives and processes motivational information. The present study demonstrates the importance of phasic DA signaling within distinct mesolimbic circuits for processing aversive stimuli. Moreover, this study uses real-time neurochemical measures in freely moving animals to address a long-standing controversy regarding how fear cues alter dopamine transmission in the NAc. We demonstrate that DA transmission does not reflect aversive cues by a simple increase or decrease, but rather the nature of transmission depends on the specific mesolimbic pathway from which the neurochemical signaling is occurring.
